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I.  The Nature of the Selective Concentrating of K Ions by Cells 
Cells in general are characterized by a high potassium and a low sodium con- 
tent. This applies both to the animal kind with freely distensible membranes 
and to the plant variety with comparatively rigid membranes. 
In the animal organism, whether this is unicellular or multicellular, the K 
content of the cell is always much greater than that of its environment and 
the Na content in general is much lower. Why should this be so? One kind of 
explanation was developed by Macallum (vide  his review,  1926) relating the 
inorganic components of the cell to  a  very early marine environment pre- 
sumably much richer in K  than in Na and referring also the inorganic com- 
position of the plasma to that of the ocean when an independent circulatory 
system was developed. The incorrectness of such views has been sufficiently 
dealt with elsewhere (Conway,  1943). 
Another type of explanation was advanced in recent years by Ling (1952). 
The preferential concentrating of K  ions as compared with Na is attributed 
to the smaller size of the hydrated K ion and the existence of a zone of reduced 
dielectric constant around a univalent ion, the zone radius being 4 angstroms. 
Anions are regarded as weakly hydrated, especially organic anions so that the 
charge on a fixed earboxyl group could be regarded as centred in the middle 
of a naked oxygen atom of 1.4 A radius. 
Thus  at their distance of closest approach between a Na  + ion and a carboxyl 
anion, the average dielectric constant is believed to be considerably higher 
than for K +, resulting in an electrostatic potential for K +, much greater than 
for Na  +. If this is taken into account, "in constructing a Boltzmann distribu- 
tion curve for a  mixture of K + and Na  + in the immediate neighbourhood: of 
fixed anions, it can be seen that in effect the great majority of anionic sites 
would be associated with K+. '' 
The  following may  be  considered  a  sufficient  argument  against  Ling's 
views  (Conway,  1957b).  The  total  concentration of charges on the proteins 
that one could consider at all effective in the manner described by Ling is ap- 
proximately 0.3 M.  If around the centre of each charge there is a zone of re- 
duced dielectric of 4 A radius then the total space involved is No x 0.3 x  ~  ~r 
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r 3, or 6.02 x  10 +23 x 0.4 Ir 64 x  l0  -~4  =  48 cc./kg, muscle or about 5 to 6 per 
cent of the myoplasm, leaving 94 per cent of it with its intrafibre water into 
which Na  and  C1  are  quite free to enter  and  reach a  Donnan relation--a 
result which does not remotely apply to the actual fibre. In accordance with 
Ling's views it should apply in the absence of a sodium pump, as he assumes. 
Then,  the existence of the cell membrane, even in animal tissue ceils, has 
been challenged by others besides Ling.  It is sufficient to say here that  this 
goes  contrary  to  recent  findings  by  electron  microscopists  (vide  Siekevitz, 
1959)  and also contrary to diffusion data, since there is a great difference be- 
tween the diffusion into the cell of substances not specially lipid-soluble and 
diffusion within the cell or fibre. 
Such a  cell membrane has certain properties which appear to necessitate a 
porous structure  (Conway,  1947;  Ussing,  1957).  It is not implied that there 
are well defined holes in the membrane but rather that the pores are molecular 
in size and probably not rigid in diameter. 
AN  EXPLANATION  OF  THE  SELECTIVE  CONCENTRATING  OF  K  IONS 
Based on such considerations an explanation of the selective concentrating of 
potassium ions as compared with sodium ions can be advanced. 
Firstly, we may consider that the cell has within it a quantity of non-diffusi- 
ble material, such as protein, esters of phosphoric acid, coenzymes of one kind 
or another. To conserve these a membrane is required which is impermeable 
or practically impermeable to them. We may, for convenience, prefer to write 
the sum of this non-diffusible material as ~ and define this as the molar sum 
associated with one litre of cell water in a  standard state, such as the average 
normal condition of the cell. 
The  non-diffusible  material  is  negatively  charged  as  a  whole,  and  the 
arithmetical sum of the charges is an important quantity. Writing this sum ~, 
this may be defined as the milliequivalents of cations necessary to balance the 
charges on ~/. 
As names may occasionally be preferred to symbols, it has been suggested 
elsewhere  (Conway,  1945)  that  ~/be called the "idiomolar value"  and  e its 
"electrostatic  equivalent."  For  electric neutrality  it  is  necessary that  posi- 
tively charged material should balance  e; this is done most readily by non- 
reactive inorganic cations. 
For  the  cell with distensible  membrane it  is  necessary also  to  balance  ~/ 
against some substance in the external environment to which its  membrane 
is impermeable, or virtually so. 
Since the development of the rigid cell membrane characteristic of the plant 
cell was of value in an environment in which large changes of osmotic pres- 
sure were occurring, or in which the osmotic pressure was very low, we may CONWAY  Exchanges  of K and Na Ions across Cell Membranes  19 
assume it to be a later development of the distensible  cell membrane, which 
remains as the characteristic of the animal cell. 
Proceeding from the view that the membrane must conserve for the cell its 
vitally  important  materials,  the  membrane  at  least  during  the  formative 
period of the cell should be permeable to the material out of which the non- 
diffusible molecules are built up. It should then be permeable to ionised phos- 
phoric acid in some form, and since out of such material non-diffusible mole- 
cules are built, the cations that enter with the phosphoric acid will be trapped 
by the electrostatic attraction of the non-diffusible molecules. 
Considering  the  possibilities  we  may then  write  the  following equations 
(assuming initially a  permeability to univalent anions and cations) : 
For osmotic equilibrium 
n/v  =  c  -  (bl  +  (i) 
where c is the external concentration, bl and dl are the concentration of the 
diffusible cations and  anions in the cell,  regarded for convenience as single 
species; and  V is the cell water (=  1.0 in the average normal state). 
For electrical equilibrium 
e/V --  bx -- dt  (2) 
For the Donnan  equilibrium  applicable to the passively moving inorganic ions 
in the "balanced state"  (state of zero net flux)  one may write 
bl  X  dl  ~-  b X  d 
From these equations it may be deduced that 
(3) 
=  c--  V'E  ~+4~.~bd  (4) 
If the membrane be freely permeable to all univalent cations and anions, 
and taking frog plasma as the external environment, the maximum value of 
when E is zero, is then only 11 m.eq.  (unless Na is actively extruded at rates 
similar to the free entrance rate).  If e be greater than zero,  the situation is 
worse, and worse still if the membrane be freely permeable to Ca and Mg. 
If, on the other hand, we assume the same anion permeability but consider 
the cation permeability limited in some way to exclude Na and allow K  to 
enter freely, then the calculated value of 7/becomes approximately 200 with 
zero, and when e is 124,  ~ becomes approximately 102. 
Thus,  the  cell  with  a  distensible  membrane  could  passively  secure  the 
balancing of the  negative charges on  the  non-diffusible  substances  with  K 
ions, and the osmotic pressure of the cell--with a high concentration of essen- 20  PHYSIOLOGY  OF  CELL  MEMBRANE 
tial  substances--against  the external  value.  (In  the  above  account  activities 
and  concentrations  have  not  been  distinguished--a  fuller  account  is  given 
elsewheremBoyle and  Conway,  1941.) 
The question then  arises as to how such differential  permeability  could be 
secured,  and  to  what  degree  in fact is  the  absolute  exclusion  of sodium  ap- 
proached. 
It would appear that  the simplest way in which the  selective permeability 
could be secured  depends  on  the relative  size of the hydrated  ions.  As indi- 
cated in Table I, the radius of the hydrated sodium ion is about 1.5 times that 
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FIGURE I.  Mean curve of Na content  of skeletal muscle, after a period of K-free diet 
and restoration to a high K diet (six rats used for each point). The dotted line gives the 
normal level. Curves for plasma K and muscle,K for the same rats are also given. 
(Conway, 1954, by courtesy of  ~Tymposia  of the Sodety  for Experimental Biology.) 
of'potassium. Evidence will be presented later showing that the ion size would 
appear in general to be a major factor in determining  the rate of penetration 
of the muscle fibre membrane. 
But if Na ions are not absolutely excluded, if they enter at a rate appreciably 
fast compared with the life of the cell,  there must be a  correspondingly slow 
extrusion.  Such extrusion,  with a  half period of about 3 days, we have found 
with mammalian  muscle (Conway and Hingerty,  1948)  after a  period of low 
plasma K  produced by a diet practically K-free (Heppel,  1939) followed by a 
diet rich in K  (vide Fig.  1). The concept of a sodium pump and virtual instead 
of absolute impermeability to Na ions makes no difference to the formulation 
of the author's membrane theory as given by Boyle and  Conway (1941).  The 
formal addition of the pump to the theory was first suggested by Dean (1941) 
working in Fenn's  laboratory.  At the same  time it may be noted  that in the 
experiments and conditions described by Boyle and Conway with immersions CONWA'Z  Exchanges  of K and Na Ions across Cell Membranes  2I 
at 2 to 3°C., the actual difference from absolute impermeability was negligibly 
small  (vide Carey,  Conway, and Kernan,  1959). 
Here it may be emphasised that ff the membrane were absolutely imperme- 
able to Na, but permeable to K, no energy would be involved in the mainte- 
nance of the high internal K  concentration. It is the entrance of Na ions and 
their extrusion that require a necessary expenditure of energy to maintain the 
observed concentration pattern. This does not outrule the possibility that the 
maintenance of the membrane structure may require energy and it is certainly 
true that the maintenance of the concentration of various labile non-diffusible 
constituents of the cell requires an input of energy directed to this end. 
It may be finally noted in this context that, apart from the general points 
put forward here, the limitation of the pore size to reduce as far as possible 
the extrusion of the Na ion, while allowing the K  ion to enter rather freely, 
reduces the necessary energy requirement to minimal proportions, a sufficient 
reason in itself for the type of permeability found. 
A  POSSIBLE  BUT  SUBSIDIARY  EXPLANATION 
The special concentrating of K + might also be held to relate to a high K + re- 
quirement for special enzyme activity. This however, if it occurs, is here re- 
garded as subsidiary since any special effects of the K  ion in high concentra- 
tion  might  be  expected  to  arise  because  of  the  immense  length  of  time 
throughout which there was a  high intracellular concentration of potassium 
ions. But what are the special enzymic effects of the high intracellular K  con- 
centration? It was sought to elucidate this question by removing all the K  in 
living yeast cells and replacing it with Na or NH4 ions and then observing the 
effects on fermentation, on uptake of oxygen, and on the growth of the cell. 
This replacement of K  by Na could be readily carried out by a  series of fer- 
mentations in M/5 sodium citrate  (Conway and Moore,  1954). The replace- 
ment of the K + by NH  + was carried out by fermenting in the presence of 
M/5 NH,C1, bubbling the suspension in a  gas mixture containing 3 per cent 
CO2 and 97 per cent O3 (Conway and Breen,  1945). 
The  sodium yeast  which  has  98  per  cent  of its  potassium replaced  by 
sodium showed a  fermentation rate not significantly different from a  control 
potassium yeast. Thus, all the enzymes involved in the absorption of glucose, 
the glycolytic process, and the formation of alcohol and CO 2 were unaffected 
by the change, The ammonium yeast showed a decrease in fermenting power 
to about 40 per cent of the control potassium yeast. 
The oxygen uptake of the Na yeast was reduced to about 33 per cent of 
the control K  yeast and to about 62 per cent of a  fresh yeast sample.  The 
oxygen uptake of the ammonium yeast was nearly double that of the control 
K  yeast.  With regard  to growth rates  (Figs.  2  and 3)  those for the Na and 
NH4 yeasts were much less than the control. But for a given supply of growth 22  PHYSIOLOGY  OF  CELL  MEMBRANE 
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FIout~ 2.  Growth curves of ammonia yeast and companion K  yeast. C is the number of 
yeast cells/c.mm. 
(Conway and Breen, 1945,  by courtesy of The Biochemiced Journd,) 
medium containing only traces of potassium the number of cells reached the 
same figure or even surpassed the control after about 2 to 5 days. Altogether 
it will appear that relatively high intracellular concentrations of K  ions were 
not of vital significance for the cell and that whole groups of enzymes were 
unaffected  or  practically  so.  The  differences  observed  one  could  suppose 
related  to  the vast  time periods in which relatively high K  concentrations 
existed and some enzymes became more adapted to the properties of the K 
ion. 
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Fmut~ 3.  Growth curves of normal (e), sodium (x),  and potassium (o)  yeasts at 28 
in a low-K medium. C  -- cells/c.mm. (The count at zero time is taken as 100 per c.mm.) 
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II.  The Relation o[ the Ion Hydration to Permeability 
If the relative mobilities of the Na and K  ions under a  potential gradient of 
1 V/cm. are examined, the mobility of the Na ion is much slower than that 
of the K  ion, and, as is well known, this arises from its greater hydration. Boyle 
and Conway (1941)  drew attention to this matter in relation to the relative 
permeabilities.  In their initial studies it appeared that both K  and  CI ions 
could enter the muscle fibre fairly freely, but that Na and sulfate ions entered 
at  comparatively inappreciable  rates  with  the  conditions they used.  If the 
NaCl content of the Ringer fluid in which frog sartorii were suspended, was 
partly replaced by KCI then the KCI  (or the extra K  and Cl ions) entered 
TABLE  I 
Velocities of ions under gradient of i  V/cm. or 
0.5 V/cm.  for divalent ions  Relative ion diameters (diameter of potassium ion  ~  1.00) 
Cations  Anions  Cations 
H  315.2  OH  173.8  H  0.20 
Rb  67.5  Br  67.3  Rb  0.96 
C,s  64.2  I  66.2  C,s  1.00 
NH+  64.3  CA  65.2  NH,  1.00 
K  64.2  NO8  61.6  K  1.00 
Na  43.2  CHsCOO  35.0  Na  1.49 
Li  33.0  SOd  34.0  Li  1.95 
Ca  25.5  HPO+  28.0  Ca  2.51 
Mg  22.5  Mg  2.84 
Anions 
OH  0.37 
Br  0.96 
I  0.97 
CA  0.98 
NO,  1.04 
CH,COO  1.84 
SO~  1.89 
HPO+  2.29 
(Boyle and Conway,  1941,  by courtesy of The Journal of Physiology.) 
rather rapidly, towards a Donnan relation on each side of the membrane. The 
effect, osmotically, was practically the same as if the NaCI of the Ringer fluid 
had been substituted by urea.  In short, the muscle swelled until the osmotic 
concentration inside and outside was the same, apart from the freely entering 
substance. Attention was drawn  (Boyle and Conway,  1941)  to the fact that 
similar swelling was observed by Overton (1904) when he immersed the frog 
sartorius muscle in isotonic bromide, iodide, chloride, or nitrate, but it did not 
swell in potassium phosphate, sulfate, acetate,  tartrate,  or ethylsulfate. The 
true explanation of this occurrence depending on the entrance of the salts into 
the fibres and the permeability related to the size of the hydrated ions was not 
evident to Overton nor later to H6ber  (1922) who considered the effect due 
to swelling of the proteins of the interstitial tissue. The explanation became 
sufficiently clear  when  it  was  shown  (Boyle  and  Conway,  1941)  that  the 
muscle fibre membrane was freely permeable to small anions as well as small 
cations and hence that such salts would enter to a position of zero-free energy 24  PHYSIOLOGY OF  CELL  MEMBRANE 
relative to their ions, as systems across the membrane. Also that the perme- 
ability was related to the hydrated ion size appeared from the following con- 
siderations.  If the ions and their associated water molecules be regarded as 
spheres, then the mobilides under a uniform gradient could be treated as in- 
versely proportional to the radii or diameters of the hydrated ion. Table I was 
then made out. 
TABLE  II 
RELATIVE  ENTRANCE  RATES  OF  IONS 
INTO  MUSCLES  COMPARED  WITH  THE  RELATIVE  DIFFUSION 
CONSTANTS  THROUGH  WATER 
Cation series 
KCI 
RbCl 
CsCI 
NaCI 
LiCl 
CaCI~ 
MgCI2 
Anion series 
KCI 
KBr 
KNO3 
K phosphate 
KOOC. CH~ 
KHCOs 
K~SO. 
D  for single ions, with K  value  =  100 
100  K  100 
38  R  103 
8  Cs  104 
0  Na  67 
0  Li  52 
0  Ca  40 
0  Mg  35 
100  C1  100 
63  Br  105 
17  NO3  96 
4  HsPO4  50 
3  HPO4  39 
I  CH,  COO  5¢ 
0  HCO~  67 
SO~  53 
The values of D  were determined from the formula given in text. 
The entrance rate of K  phosphate is for nearly equalmixtures of KsHPO4 and KH2PO4. 
(Conway,  1947,  by courtesy of The Irish Journal of Medical Science.) 
It will be seen that the permeability difference between the Na and K  ions 
receives here a quantitative interpretation. Also it is to be expected that with 
ion diameters at the Na level or less there should be very little free permeability 
of the cations, whereas K, Rb, and Cs ions should be expected to enter freely. 
Similar Considerations apply to the anion series. Thus, NOs,  CI, Br, and I may 
be expected to enter freely whereas HPO4, CHaCOO, and SO4 would enter 
at  inappreciable rates  (to  this  group  may now be  added  the  bicarbonate 
anion).  Such possibilities  could be investigated experimentally in  a  simple CONWA','  Exchanges  of K  and Na Ions across Cell Membranes  ~5 
manner. If sartorii are immersed in Ringer fluid with the addition of 100 mM 
of a  particular salt,  the muscle weight at first rapidly falls to a  certain level, 
and  then if  the  muscle  membrane  is  freely  permeable  to  the  ions  of the 
added salt an increase in weight sets in to reach finally the original level. The 
time required to recover 50  per cent of the weight loss may be taken as  a 
measure of the salt permeability (Conway and Moore, 1954). 
From the results obtained Table II was made out (Conway,  1947).  Such 
experimental results bear out on the whole rather well the conclusions that 
may be drawn from Table I. Thus in the cation series the only cations that 
entered freely were K, Rb, and Cs, with no appreciable entrance (under the 
conditions) of Na,  Li, Ca, or Mg. For the anion series, whereas CI, Br,  and 
NO~ entered freely, there was an abrupt change, on passing to H2PO~, HPO4, 
and SO~.  In Table II, instead of the relative ion diameter, the relative diffu- 
sion coefficients were calculated from the formula D  =  RTk/zF ~ where ~ is 
the equivalent conductance, Z the valence, and F  the Faraday constant. 
The detailed agreement, however, between expected permeability and ion 
diameter or alternatively relative diffusion coefficients is far from exact. An 
outstanding difference  for  example,  appears  in  the  fact  that  whereas  the 
entrance rates of RbC1 and CsC1 may be expected to be the same as KCI, the 
cesium chloride enters at only about one-twelfth the rate of KCI  .... 
While  certain  physical  differences between  the  Cs  and  K  ions,  such  as 
polarisibility, may be invoked here, the following suggestion would seem at 
present a very plausible interpretation. The relative diameters of the hydrated 
cations or of the diffusion coefficients relate to movement in free solution. In 
movement through pores, assuming these to be but little different in size from 
that of such hydrated ions as potassium, if there be both several water mole- 
cules of the primary solvation  (as  defined by Bockris,  1949)  and the more 
loosely held molecules of the secondary solvation, attached to the ion, then a 
relatively easy slipping of such secondary molecules may be expected or a more 
ready deformability, than if there were very few such molecules of hydration 
as with the Cs ions. Thus, though in free solution the total resistance to move- 
ment is about the same for the Cs as the K  ion, it may be relatively much 
greater for Cs  + when moving through restricted pores. 
R~LATXVE K  AND CI ENTRANCE  RATES INTO CARDIAC MUSCLE 
While there  is  good ground for  the conclusion that  the above permeability ap- 
plies  to much the greater  fraction  at least  of  the soft  tissues  of  the organism, 
many variants  may appear and the  relative  rates  of  cation  and anion  entrance 
may be occasionally very different. 
The entrance rate of K + and C1- ions may be quickly and roughly assessed 
in excised tissues by the rate at which the tissue swells when KC1 is substituted 
for NaCI in the external Ringer fluid as already described. If this be applied ~6  PHYSIOLOGY  OF  CELL  MEMBRANE 
to excised frogs' hearts, the entrance rate was found to be inappreciable over 
a  few hours. As from flux date the K + ions enter comparatively rapidly,  the 
slowness of swelling must be attributed to a very slow anion entrance rate for 
cardiac muscle. 
Here it is opportune to mention some important points  with respect to ion 
hydration in general. Firstly, the attraction of the water molecules, which act 
as dipoles, relates to the charge density at the surface of the naked ion,  and 
this in turn to the diameter of the ion. The smaller a univalent ion the greater 
is this charge density at its surface and the more numerous are the water mole- 
cules attracted or attached. This accords with  the observed facts.  When the 
ion reaches the size of cesium the surface charge density is so small that it be- 
comes doubtful if one can speak here of ion hydration. Bockris  (1949)  in his 
review on  ionic solvation distinguishes between two  types of solvation,  pri- 
mary and secondary, and states that there are several methods of measuring 
"primary hydration numbers"  which give concordant and  rational  values. 
These methods which "probably measure primary solvation" he lists as: ionic 
mobility, ionic entropy, compressibility and density. Other methods often give 
widely divergent results and measure "some part of total solvation."  While 
the distinction between the  two types of ionic solvation is meaningful with 
respect to such an ion as sodium or even potassium, it would appear to have 
little or no meaning with a  univalent ion as large as cesium. 
In this present series of papers one by Dr. Mullins also deals with questions 
of hydration  of ions and permeabilities. 
III.  Equations for the Balanced State in Skeletal Muscle Suitable 
for Experimental Testing of the Conway Membrane Theory1 
By the "balanced state" of an ion is meant the state of zero net flux (Conway, 
1957a,b).  It is thus to be distinguished from the "steady state" concept which 
could be applied to real net fluxes, if these were constant over a  certain time 
period. The balanced state for K, CI, and Na may be assumed to hold in vivo 
in the resting condition. 
When frog sartorii are excised and immersed in Ringer fluid at room tem- 
perature, the balanced state does not hold for such ions, Na increasing rather 
rapidly in the muscle with a  corresponding loss of K  ions,  and  with a  gain 
also of C1. Even when the Ringer fluid imitates as closely as possible the aver- 
age normal inorganic composition of frog blood  plasma while the Na  gain 
and K  loss are much reduced they are still quite appreciable, but when frog 
plasma is used, then for about 30 minutes at room temperature the changes 
become very small  and  one has  practically the equivalent of the  balanced 
1 At the end of the paper of Boyle and Conway  (1941)  it was stated that the theoretical part of the 
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state for Na and K  ions (Carey and Conway,  1954).  In the cold the mainte- 
nance of the balanced or near balanced state is easier to maintain over quite 
a  long period, using for  example Ringer-Conway fluid (Boyle and  Conway, 
1941).  It is important that such facts be appreciated, since experiments have 
been published from time to time in which results are reported under condi- 
tions far from the balanced state, and allegedly opposed to the predictions of 
the membrane theory here discussed. 
From the three fundamental equations representing the osmotic, the elec- 
trical, and the Donnan equilibria, the following derived equations suitable for 
experimental testing may be  written  (Boyle  and  Conway,  1941;  Conway, 
1945; Conway,  1947) : 
[K]+ =  C/2  -  (7  -  e)/2V  (5) 
For the isolated sartorius muscle of the frog V is practically the same as  e: 
[d]+ --  C/2  -  (7l  Jr  e)/2V 
[CA], =  (2[K]o X  [CI]o)/C (for the isolated muscle) 
(6) 
(7) 
or 
[CA]= =  (0.6? +  a)  X  2([K]o X  [CA]o)/C +  0.13 [CA]o 
V  =  (7  +  +)/2[Na]o 
(8) 
(9) 
RT.  [K],  (I0) 
E,, =  --p-  m  [K]0 
(For convenience the membrane potential  is  considered  positive  in  sign.) 
[K]o  X  [Cl]o  =  [K],  X  [Cl],  (II) 
In the above equations [K] +  and [C1]  +  represent concentrations of K  and CI 
in the fibre water and [K] 0 and [C1] 0 concentrations in the external solution; 
[d]+ represents the total concentrations of diffusible anions in equation 6  but 
for experiments designed to show large accumulations of K  and C1 ions this 
is practically equivalent to  [C1]+ owing to the very low permeability of the 
membrane to HCO~ ions. In equation 8 [C1],+ represents the concentration of 
C1 ions per kilo of muscle, and a  is the change in the fibre water per kilo of 
muscle.  V in equations 5,  6,  and 9 represents the volume of the fibre water, 
which is regarded as unity or as  1 litre in the average resting condition. The 
symbol ~ in equation 5 represents the moles of non-diffusible materials in  V 
and the symbol e the sum of the electrical charges on ~ represented as milli- 
equivalents of univalent cations necessary to balance this sum. 
Here [K] 0 and [K]+ should strictly be activities, but it is assumed that the 28  PHYSIOLOGY  OF  CELL  MEMBRANE 
ratio of the concentrations is the same as that of the activities across the mem- 
brane.  In equations 5 to 8, C represents the total external concentration. 
Much experimental evidence was given for the validity of equations 5 to 9 
for frog sartorii immersions at 0  to 3°C,  and where the external K  was above 
the K  threshold for the conditions.  (Boyle and Conway, 1941 ; Conway,  1947.) 
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(Boyle and Conway, 1941, by courtesy of The Journal o/Physiology.) 
Special reference may be made here  to Fig.  4  (Boyle and  Conway,  1941)  in 
which  the  average  value of K  and  CI in  the fibre water of frog sartorii  are 
plotted for a  series ol 24 hours' immersions  at 2  to 3°C.  In this series the Na 
in the external fluid was maintained  constant  (85.9 raM)  and the K  varied by 
additions  of KC1.  It will  be seen that  the  two lines  run  parallel,  as is  to be 
expected. The curve of rising chloride concentration  is a  straight line passing 
through  the origin,  at which point the muscle potassium concentration is still 
quite  high,  being  close in  fact  to  the  normal  value.  In  other  words,  as  the 
potassium disappears from the external solution so does the chloride from the CONW&Y  • E~ccha?~e$  of K  and Na Ions across Cell Membranes  29 
muscle fibre, in accordance with the slightly extrapolated curve. This extrapo- 
lation to the origin,  however, will involve among other things  a  membrane 
potential  reaching indefinite  heights  (theoretically infinite from the  simple 
equilibrium equations). The deviation of the first few values for the chloride 
in the excised muscle, and involving only a  very small section of the whole 
curve, may be related to the high membrane potentials necessary to maintain 
uniformity, and the inability to sustain them in the altered conditions of the 
muscle environment.  As  the  membrane  potential  is  lowered  by  the  rising 
potassium the chloride concentrations fall into the general theoretical curve. 
THE,  MEMBRANE  POTENTIAL 
Assuming that the movements of the K  ions across the membrane are purely 
passive,  then in the balanced state of zero net flux of K  ions,  the total free 
energy change in a very small net transfer of K  ions across the membrane may 
be eqtiated to zero so that 
from which 
On RT In [K]~/[K]0  --  On EF =  0  (12) 
E  =   -in  [K],/[K]0 
This equation may be also taken as a special case of the more general one for 
the net flux of K  ions; namely, 
uKEFrx  ([K]0 -- [K],e-"/nr~ 
m~  =  ----7--  X  \  1  -  e-"~'~"  /  (lS) 
Here d is the thickness of the membrane, [K] 0 and [K] i are the K + defined by 
the relation [K]0 rx  =  [K],~0 and [K]rr:  =  [K],,, where [K],,0 and [K],, are 
the concentrations in the membrane adjoining the external and internal fluids; 
rr: may he regarded as a  partition coefficient and is assumed to be the same 
on both sides of the membrane. 
This equation may be derived as a  simplification of the Behn integration 
(1897)  of the Nernst differential equation 
,,  {nrO[X].   Foe'  
mr:  =  --  r: k  ~x  +  Ox ]  (13a) 
where x is a fixed point in the membrane and it has also been arrived at inde- 
pendently by Hodgkin and Katz (1955), from Goldman's formulation (1943) 
and the assumption of a  constant field. In the special case when the net flux 
is zero then from equation  13 it follows that 
=  RT In [K],/[K]0  (  B  14) 3 °  PHYSIOLOGY OF  CELL  MEMBRANE 
The  validity of equation  14  was  examined using the elegant  Graham  and 
Gerard  (1946) microelectrode technique. In this investigation the external K 
concentration outside the fibres of frog sartorii was varied, the Na concentra- 
tion being maintained constant and a  series of overnight immersions at 0  to 
3°C. used. The muscles were then brought to room temperature quickly and 
the membrane potential of the fibres  determined. Alternatively,  instead of 
overnight soakings to attain a true equilibrium, immediate observations could 
be taken provided a non-penetrating anion was used. For this purpose acetate 
was selected to replace chloride and  bicarbonate.  The results of a  series of 
such observations are given in Fig. 5  (Conway,  1957; a  preliminary account 
of such experiment was given at the International Congress of Biochemistry, 
1955, Brussels, by Kernan and Conway). In Fig. 5 the values of log [KId[K] 0 
are plotted against the corresponding values of E  in millivolts. The  straight 
line drawn is the theoretical line from equation 14 with a slope of 57 my. (at 
18°C.) per unit change of log [K]#[K] 0. It will be seen that below an external 
K  value of I 0 mM the overnight immersions and the acetate experiments show 
a  marked falling away from the theoretical line. However, using the Ringer- 
Conway fluid  with  2.5  rnM  K  and  immediate observations on  the  excised 
sartorius the value was much higher. At the same time it fell below the full 
theoretical value from equation 14. Adrian (1956), in a series of observations 
of resting potentials of frog muscle fibres very carefully measured, and with 
special attention given to  the elimination of tip junction  potentials,  found 
similar results. At an external K  value of 2.5 rnM the potential obtained was 
92.2 inv., which was about 10 my. below the theoretical value from equation 
14 for his conditions. It follows from the existence of the Donnan relation that 
if the isolated muscles, or single muscle fibres are immersed in solutions in 
which the product of [K] 0 and [CI] 0 is maintained constant, then no increase 
in [K]~ or [CI]~ is to be expected; and [K]0 in this way has been varied over a 
wide range by Hodgkin and Horowicz, (1959), the corresponding membrane 
potential being determined. The results strongly support the theory expressed 
above.  Similar confirmation for mammalian muscle fibres was obtained by 
Pillat, Kraupp, Giebisch, and Stormann (1958). Such a reduced potential has 
been interpreted by the Cambridge group in terms of a  neutral Na-K linked 
pump, in which (as initially considered) for each Na ion pumped out a K  ion 
was pumped inwards.  If this were so it could be deduced that a  more exact 
equation for E could be written 
[K],  + p[Na]~  E  =  (15) 
[K]0 +  p[Na]0 
in whichp is a relative permeability factor. IfNa be given such a value, 0.01, 
the fall  below the theoretical at  2.5 mM K  outside could be explained, and CONWAY  Ex¢hanges  of K and Na Ions across Cell Membranes  3 t 
with increasing external K  values the equation would rapidly give values not 
significantly different from the simpler equation. 
Another  explanation,  however,  was  open  for  consideration  in  which  an 
Na-K linked pump was not assumed.  This turned on the view that the differ- 
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FmtrgE 5.  Mean E values for frog sartorii  fibres, plotted against log [K]i [K]0 where 
[K]~ and [K]0 are the concentrations of K  in the fibre water and in the external fluid. 
The dots (O) give the values for sartorii immersed for 24 hours at 0 to 5°C. in Ringer- 
Barkan fluid with additions of external KC1 (Boyle and Conway, 1941) and then brought 
quickly to room temperature before measuring  the potentials.  The dotted circles  (®) 
give immediately determined results with acetate ion replacing chloride and bicarbonate. 
in the external fluid. The circle  (O)  at the top represents  average  potentials  taken 
immediately with Ringer-Conway fluid containing 2.5 nm K. The vertical dotted line 
t7 represents the level of 10 mM K in the external fluid, and line A is the theoretical line 
with a slope of 57 my. 
(Conway,  1957a, by courtesy of Physiological R~oiews.) 
ence from the E value, from equation 14, and that found, was really due to the 
absence of a  truly balanced state under the conditions examined. This would 
mean a  net Na entrance and K  loss for excised sartorii which would occur at 
room  temperature  even  with  the  Ringer-Conway  immersion  fluid,  with  a 
composition  practically  identical  with  the  inorganic  composition  of  frog 
plasma (Boyle and Conway,  1941).  To  investigate this question  heparinised 
frog plasma was used as the external fluid, making sure that the K  composition 32  PHYSIOLOGY OF  GELL MEMBRANE 
was in fact 2.5 mu, if necessary by diluting with suitable fluid. The use of the 
plasma  brought  about  a  close  approach  to  the  balanced state  for  excised 
sartorii in the first 30  minutes' immersion at room temperature (Carey and 
Conway,  1954). Using this  procedure Kernan  (1958)  obtained resting  po- 
tentials within 1 or 2 my. from the theoretical calculated from equation 14. 
It appears  then that the true explanation of the fall from the theoretical 
potential as calculated from equation 14 and below an external K  value of 10 
mM is not due to a Na-K linked pump, but rather to the fact that under the 
conditions examined a  balanced state did  not really exist  with  the  low K 
values. 
THE DONNAN RELATION WITH RESPECT TO K  AND C1 
It was shown  (Boyle and  Conway,  1941) that,  using overnight immersions 
at 2 to 3°C. with constant Na concentrations and varying external K  values, 
at  and  beyond  an  external  K  concentration  of  10  mM  the  product  of 
the  K  and  C1  concentrations  in  the  fibre  water  was  practically  iden- 
tical  with  the  product  of the  external values  up  to  an  extremely high K 
value (300 mM). The explanation here is similar in kind to that given above 
for the reduced potentials.  It may be noted that with these muscles soaked 
overnight at  0°C.,  the  K  threshold  (or  that  external concentration below 
which K was lost from the muscle, and Na gained) was also about I0 rn~. 
Very recently Netter and  coworkers (K{isel and Netter,  1952;  Lukowsky 
and Netter, 1952) have shown, by perfusing the frog's hind limbs (Trendelen- 
burg  preparation)  using  the  Ringer-Conway fluid  with  the  KCI  content 
varied, that the K  threshold was as low as 2.1  to 2.6 m.eq. per litre or at the 
same level as normal plasma. Under these circumstances, K and CI exchanges 
behaved exactly as one might expect from the Donnan relation.  It was also 
found, in accordance with expectation, that the K  threshold increases as the 
external C1  concentration is lowered by replacing with a  non-permeant ion 
such  as  sulfate;  in  other  words,  it  depends  on  the  product [K]0  X  [C1]0. 
When this exceeds the normal product, K  enters muscle and when iris less, 
K  comes out of muscle. Very recently further confirmation has appeared from 
the work of Mond  (1955)  working with perfused hind limbs of the frog and 
normal K  threshold. Considerable relative changes in  the K  and Na concen- 
trations of the perfusing fluid (maintained isotonic) were made, and  it was 
shown from numerous experiments that the alterations in the  perfusing fluid 
volume and  the concentrations of Na and K  were quantitatively in  accord 
with the author's theory and the Donnan relation with respect to  K and C1 
ions. 
These experiments of Netter and coworkers answer decisively the criticism 
listed  by Manery (1954)  of the  theory;  namely,  that  the  soaked  sartorii 
showed a markedly  raised K threshold and were thus abnormal. Similar results CONWAY  Exchanges  of K  and Na Ions across Cell Membranes  33 
were obtained by Netter for  potassium nitrate  and  it may be  assumed  (at 
least provisionally) that they would apply to the other freely  permeant uni- 
valent ions Rb,  Cs, Br,  and I,  though Cs  and I  enter at  much slower rates 
than C1 and K. 
IV.  The  Sodium  Pump 
From the explanation given above of the special concentrating of potassium in 
cells, and the necessity of an associated sodium pump, it will appear that the 
pumping out of sodium ions could be expected to be a  fundamental endow- 
ment of the cell, and hence to be observable over a very wide range of cellular 
species. This is in fact what has been found in mammalian muscle (Conway 
and Hingerty,  1948), in nerve tissue (vide  Hodgkin, 1951 and 1957), in mare, 
malian renal cortical slices (Mudge, 195 I; Conway and Geoghegan, 1955), in 
yeast cells (Conway, Ryan, and Carton,  1954),  and in various plant cells as 
reported by Ussing (1959),  In all such instances sodium ions can be actively 
excreted and require metabolic energy in the process. 
In my laboratory, the sodium pump has been specially studied in amphibian 
skeletal muscle and in yeast,  and some outstanding features of its action as 
have appeared in such studies will be mentioned. 
THE  SODIUM PUMP  IN  SKELETAL  MUSGLE 
The first real demonstration of active Na extrusion from muscle was carried 
out in our laboratory in Dublin  (Conway and Hingerty,  1948). In this, we 
utilised the results that Heppel (1939) had found with rats; namely, that over 
a  period of feeding rats  with K-free  diet  a  large  proportion of :the muscle 
sodium was replaced by Na ions.  We confirmed such results, and then pro- 
cecdcd to observe what happened to this muscle sodium when the rats were re- 
stored to a high K  dict. The results obtained are summariscd in Fig.  1. It will 
appear that even with a  normal plasma K  value restored in  1 day, and  then 
proceeding to values much above the normal,  the muscle sodium was only 
very slowly extruded, the half period being about 3 days. 
Where the plasma potassium was more rapidly raised by large intake of K 
in the form of KC1,  this extrusion of Na could be hastened, the half period 
then reached being  somewhat over  1 day even  though after  28  hours  the 
plasma K  was as high as 9.8 mM/kg. 
It is of interest to note here that  the half period  of exchange  of Na with 
muscle sodium was very much more rapid, the half period being of the order 
of 30 minutes. This could be explained on the basis of the exchange diffusion 
concept introduced by Ussing. 
Recently Hingerty has confirmed the above conclusions in a  new series of 
observations  (reported  at  the  21st  International  Physiological Congress, 
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To study the operations of the sodium pump in more detail we endeavoured 
to utilise the results of Steinbach on amphibian muscle. He had first reported 
(1940)  that when frog sartorii were loaded with sodium ions by immersing 
overnight in the cold in K-free Ringer and then reimmersed at room tempera- 
ture in Ringer fluid containing 10 rn~ K  along with its other constituents, a 
secretion of Na ions could be demonstrated as well as an uptake of K  ions. 
Steinbach's experiments were very few in number and in a large number of 
experiments we could not confirm the secretion of Na. Steinbach in a second 
series of experiments (1951), still few from our standpoint, considered that he 
had reconciled our two points of view and that if the Na content of the im- 
mersed  sartorii  overnight in  K-free Ringer  fluid  were less  than  50  m.eq. 
Na/kg., sodium entered, but if higher, Na was lost.  We confirmed these re- 
sults of Steinbach but at the same time had to conclude that they were really 
due to a statistical effect. This has been described elsewhere (Conway, 1957). 
At the same time the idea that the secretion of sodium could be demon- 
strated in some such manner proved later to be correct, but Steinbach had not 
arrived at a knowledge of the conditions necessary. One such condition was 
accidentally found by Desmedt (1953)  in the Cambridge laboratory when he 
used 190 mM Na in the soaking fluid and  104 mM Na (corresponding to the 
plasma value) with 10 n~ K  in the reimmersion fluid. The choice of 120 mM 
Na in the soaking fluid appears to have been made simply to make up the 
osmotic balance apart from the KCI used (vide Carey, Conway, and Kernan, 
1959) but it made all the difference for a practically certain demonstration of 
Na secretion in quantity, the average in 2 hours' reimmersion being about 18 
m.eq. Na/kg., though it could be as high as 40 m.eq./kg, or even more. 
Fig. 6 illustrates the difference between the  120/104  (55 experiments) and 
the  104/104 procedures (using 51  experiments). (The symbol 120/104 refers 
to the soaking of the muscles in K-free Ringer-Conway fluid containing 120 
mM Na for 24 hours  and  then reimmersing in  similar fluid containing  104 
mM Na and  10 mu K. A  similar meaning is to be attached to the  104/104 
symbol.) The difference here is not due simply to the fact that a higher level 
of muscle Na exists after the soaking in the 120 m_~ K-free fluid as compared 
with soaking in K-free 104 mM Na fluid, since it will appear from Fig. 6 that a 
considerable overlap occurs in muscle Na content between the two sets  of 
experiments, yet the secretion is very different. 
The difference between 120 and  104 mM Na would no doubt cause some 
diffusion from the  interspaces when the  soaked  muscles were reimmersed. 
This, however, would amount to no more than about 2 mM, whereas the mean 
observed secretion was approximately 18 m.eq./kg. 
It was also found that with the 120/120 procedure there was in the average 
no significant net secretion of Na. CONWAY  Exchanges of K  and Na Ions across Cell Membranes  35 
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FmtrgE 6.  Sodium concentration of sartorii after the first immersion during the night 
at 0°C., in K-free fluid (abscissae) against the change of Na concentration (using com- 
panion muscles) after the second immersion for 2 hours at room temperature (18°C.) 
and in fluid containing 10  nm-K; three frogs were used for each experiment. (x), 
results with the  120/104 procedure,  55  experiments; (0),  results with the  104/104 
procedure, 51 experiments. The lines are regression lines. 
(Carey, Conway, and Kernan, 1959, by courtesy of The Journal  of Physiology.) 
A  CRITICAL  ENERGY  BARRIER  AS  THE  CAUSE  OF  THERE  BEING  NO 
SIGNIFICANT SECRETION  OF  ga  IN  THE  104/104  AND  THE  120/120 
PRO~DURES,  AND  A  LARGE  AVERAGE  SECRETION  IN  THE  120/104 
PROCEDURE 
The difference was thought at first (Carey, Conway, and gernan, 1959)  to be 
due to a stimulation of the sodium pump resulting from the 24 hours' immer- 
sion at 0°C.  in K-free Ringer. With the  120/120  procedure it was thought 
that the stimulation was still operative but obscured by similar passive on- 36  PHYSIOLOGY  OF  CELL  MEMBRANE 
trance of Na. This view became no longer tenable when it was found that by 
inhibiting the secretion of Na in  the  120/120  by iodoacetate (2 mM)  or by 
ouabain  (10-~  mM)  there  was  no  increase  of Na  during  the  reimmersion 
period (Conway, Kernan, and Zadunaisky, 1960). It was then considered that 
a critical energy level was operative (Conway, 1960) and this became evident 
when with  the  120/120 or the  104/104  procedures the energy required to 
secrete Na iota was lowered either by reducing the membrane potential by in- 
creasing the K content or the reimmersion fluid beyond 10 m~a, or by lowering 
the Na content. Increasing the [K] 0 to 30 mM there was much secretion, and 
reducing the Na content by steps in  the  120/120 procedure there began a 
marked secretion when the level of 110  mM was reached.  Similarly in  the 
104/104 procedure, after soaking in the K-free Ringer-Conway fluid if the Na 
in the reimmersion fluid were changed to 80 rnM Na there was a  large secre- 
tion. 
OXYGEN  UPTAKE  IN  THE  VARIOUS  PROCEDURES 
It was found that using the 120/104 procedure there was a marked correlation 
between the Na secreted and the oxygen uptake, and the slope of the regres- 
sion line showing the effect of the Na secretion on the oxygen uptake indi- 
cated (within the sampling error) that the ratio of milliequivalents of Na ions 
secreted to extra millimols O2used was about 4.0.  The difference in the aver- 
age secretion of the 120/104  procedure and the lack of significant secretion 
in the  104/104  and  120/120  procedures was reflected in a  difference in the 
average oxygen uptakes.  (Conway, Kernan, and Zadunalskey, 1960). Thus, 
the oxygen uptake investigation fits in very well with the secretion studies.  It 
may be noted here that the oxygen uptake in the frog's sartorius in relation to 
Na secretion was investigated by Keynes and Maisel  (1954),  who used the 
isotopic efflux as  a  measure of the Na excretion.  Such a  procedure is  now 
recognised (Keynes and Swan,  1959; Carey, Conway, and Kernan,  1959) as 
involving a  high proportion of "exchange diffusion." 
THE  EFFECTS  OF  INHIBITION ON  THE  LARGE Na SECRETION  IN  THE  120/104 
PROCEDURE 
The certain demonstration of large Na  secretion from loaded frog muscle 
gave the opportunity to test the effect of various inhibitors.  In testing these 
effects 30 experiments or more were used in  each case,  and three frogs for 
each experiment. After the immersion of two sets of three companion muscles 
in the K-free 120 mM Na at 0°C. overnight the two sets were then reimmersed 
in the  104 mM Na with  I0 mM K, one of these solutions containing the in- 
hibitor. Table III summarises the results obtained. 
It will be seen that cyanide and anoxia, inhibit the secretion of Na by about CONWAY  Exchanges of K  and Na Ions across Cell Membranes  37 
60 per cent in the average. The cyanide effect and the frequency distribution 
of the degrees of inhibition were shown in 74 experiments, and in each experi- 
ment three frogs were used. A further series of over 30 such experiments de- 
signed for the study of anaerobic conditions also showed both the same average 
effect and a practically identical frequency  distribution of the degree of inhibi- 
tion (Mullaney, 1959). Frazier and Keynes (1959)  have published results in 
which this cyanide inhibition was not obtained. As the conditions appear to 
have been essentially similar, the explanation at present would appear  to lie 
in a different metabolic condition of the frogs used (the matter is being further 
investigated by a cooperation between the two laboratories). 
TABLE  III 
Average Na 
No.  of  Average  Na  content after  2nd 
Concentration  exper-  content  after  2nd  immersion  with  Average difference 
Inhibitor  used  iments  immersion  inhibitor  due  to  inhibitor 
ra~  m. eq./k~. 
Cyanide  2  74  40.8  4- 0.9  50.5  4-  1.0  --9.7  4-  1.0 
In winter  2  49  41.8  4-  1.0  52.1  4-  1.3  --10.3  -4-  1.3 
In summer  2  25  38.9  4- 0.9  47.2  4-  1.5  --8.3  4-  1.3 
Anoxia  30  38.7  4- 0.9  48.2  4-  1.2  --9.5  4-  1.5 
Azidc  2  30  39.8  4-  1.1  39.9  4-  1.2  --0.15  -4-  1.5 
Mono-iodoacetate  2  30  41.1  -4-  1.1  59.9  4-  1.4  --18.8  4-  1.5 
Low temperature (0°C)  32  41.9  4-  1.1  58.1  4-  1.3  --16.2  -4-  1.1 
Ouabain  10  -s  30  39.6  4- 0.9  55.2  4-  1.2  --15.6  4- 1.3 
2,4-Dinitrophenol  2.7  X  10  -z  43  41.2  4- 0.8  39.6  4- 0.7  1.6  -4- 0.5. 
All the above inhibitor experiments  were carried out with companion  muscles,  the  120/104 
procedure being used. 
(Carey, Conway, and Kernan, 1959,  by courtesy of The Journal of Physiology. ) 
In any case it is clear from our experiments, in which both cyanide and 
anoxia inhibited in the average by 60 per cent but left an average of 40 per 
cent of the uninhibited secretion that anaerobic secretion of Na ions can occur 
also with our conditions. This is being extensively investigated in our labora- 
tory with results of much interest. 
Proceeding further with an account of inhibitors, azide (2 mM) has no effect 
within the sampling error. Iodoacetate (2 mM), oubain (10  -~ rn~)  and cold 
(0°C.)  practically fully  inhibit  the  secretion.  The  effect of dinitrophenol 
turned out to be of much interest. When this is used in the strength 0.027 m.M 
it was shown by Ronzoni and Ehrenfest (1936)  that the maximum increase in 
oxygen uptake is reached and it is a very large effect (about six to ten times 
the uninhibited value). Under these conditions it may be assumed that oxi- 
dative phosphorylation is fully inhibited.  Using this strength and observing 38  PHYSIOLOGY  OF  CELLMEMBRANE 
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Fmu~  7.  Frequency distributions of subtractions of the Na content  after the second 
immersion, without the inhibitor, from similar values in the presence of the inhibitor, 
companion muscles being used.  Such subtractions are presented  as inhibitions (m.eq. 
Na/kg.; abscissae). The  120/104  procedure was used  throughout with  three frogs for 
each experiment; the class interval chosen was 3 m.eq. Na/kg.; numbers of experiments 
are given in Table III. 
(Carey, Conway, and Kernan,  1959,  by courtesy of The Journal o/Physiology.) Co,wAY  Exchanges  of K  and Na Ions across Cell Membranes  39 
the effects after 2 hours' reimmersion a  stimulation of the Na secretion oc- 
curred, amounting to nearly I0 per cent. But as nearly all the excretable Na 
comes out after 2 hours it was considered that limting the reimmersion time to 
30 minutes a more marked relative stimulation would appear and this proved 
to be the case. 
The amount of sodium extruded over the control after 30 minutes was as 
high as 77 per cent. 
Frequency distributions of the inhibitor effects are shown in Fig.  7. 
Concerning the nature of the Na secreting mechanism, it will appear that 
the above results are strongly in favour of the redox pump theory (vide Con- 
way, 1951, 1953a, 1953b, 1955, 1959) and it may be possible to reach a clear 
decision on  this  matter when  the  phosphocreatine and  ATP  changes  are 
simultaneously investigated with the Na changes after using DNP. 
THE  SODIUM  PUMP  IN  YEAST 
Large uptakes of sodium by bakers' yeast can be brought about by fermenting 
the yeast with 5  per cent glucose and 0.2 M sodium citrate. After one such 
fermentation of 2 hours the yeast cells may contain as much as 60 to 70 m.eq. 
Na/kg., the K  content being correspondingly decreased. 
If such yeast be washed a few times with water very little sodium is lost.  If 
suspended in water Na ions are excreted. About 60 per cent of the total is 
excreted after 6 hours and very slowly after that (Conway, Ryan, and Carton, 
1954). The sodium ion is excreted with accompanying succinate, bicarbonate, 
and acetate anions. If the suspending fluid contains 0.1 KC1 the excretion rate 
is increased by about 2 to 3 times. 
The secretion of the sodium ions into water is inhibited by cyanide 2 rros 
and anoxia. It is not inhibited by dinitrophenol even when this is present in 
2 n~ strength. It is also not inhibited by azide (2 re_M) the pH being about 6.5. 
The inhibition pattern is thus similar to that for skeletal muscle. Though actual 
stimulation of Na excretion by DNP was not observed no inhibition occurred 
even with such very high DNP concentrations as  2  m_~. Such effects were 
shown over 90 minute periods. The results do not appear to admit of an inter- 
pretation through a direct ATP mechanism but are clearly consistent with the 
redox pump theory. 
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